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(57) ABSTRACT 

The present disclosure provides a semiconductor device. The 
semiconductor device includes a first inductor formed on a 
first Substrate; a second inductor formed on a second substrate 
and conductively coupled with the first inductor as a trans 
former; and a plurality of micro-bump features configured 
between the first and second substrates. The plurality of 
micro-bump features include a magnetic material having a 
relative permeability Substantially greater than one and are 
configured to enhance coupling between the first and second 
inductors. 
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STRUCTURE FOR A TRANSFORMER WITH 
MAGNETC FEATURES 

PRIORITY DATA 

The present application is a continuation application of 
U.S. patent application Ser. No. 13/340,856, filed Dec. 30, 
2011, which is incorporated by reference in its entirety. 

CROSS REFERENCE 

The following commonly-assigned U.S. patent applica 
tions, are incorporated herein by reference: U.S. Ser. No. 
13/313,240 filed Dec. 7, 2011, by inventors Yu-Ling Lin, 
Hsiao-Tsung Yen, Ho-Hsiang Chen, and Chewn-Pu Jou for 
IMPROVED INTEGRATED CIRCUIT GROUND 
SHIELDING STRUCTURE; and U.S. Ser. No. 13/280,786 
filed Oct. 25, 2011 by inventors Hsiao-Tsung Yen, Yu-Ling 
Lin, Chin-Wei Kuo, Ho-Hsiang Chen, and Min-Chie Jeng for 
STRUCTURE AND METHOD FOR HIGH-K TRANS 
FORMER WITH CAPACITIVE COUPLING. 

BACKGROUND 

The semiconductor integrated circuit (IC) industry has 
experienced rapid growth. Technological advances in IC 
materials and design have produced generations of ICs where 
each generation has smaller and more complex circuits than 
the previous generation. However, these advances have 
increased the complexity of processing and manufacturing 
ICs and, for these advances to be realized, similar develop 
ments in IC processing and manufacturing are needed. In the 
course of integrated circuit evolution, functional density (i.e., 
the number of interconnected devices per chip area) has gen 
erally increased while geometry size (i.e., the Smallest com 
ponent (or line) that can be created using a fabrication pro 
cess) has decreased. 

Various active or passive electronic components can be 
formed on a semiconductor IC. For example, a transformer 
may beformed as a passive electronic component. As device 
sizes continue to decrease for even higher frequency applica 
tions, traditional transformer structures may encounter prob 
lems, such as reduced mutual inductive coefficient K and 
reduced self-resonant frequency. Particularly, the coupling 
efficiency drops down with decreased device size by advanc 
ing technology nodes. 

Therefore, a structure of a transformer and a method mak 
ing the same are needed to address the above issues. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Aspects of the present disclosure are best understood from 
the following detailed description when read with the accom 
panying figures. It is emphasized that, in accordance with the 
standard practice in the industry, various features are not 
drawn to scale. In fact, the dimensions of the various features 
may be arbitrarily increased or reduced for clarity of discus 
Sion. 

FIG. 1 is a flowchart of method to fabricate a semiconduc 
tor device having a transformer with capacitive coupling fea 
tures in one or more embodiments. 

FIG. 2 is a sectional view of a semiconductor device having 
a transformer integrated with magnetic features constructed 
according to aspects of the present disclosure in one or more 
embodiments. 
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2 
FIGS. 3a is a perspective view of a magnetic feature of 

FIG. 2 constructed according to aspects of the present disclo 
sure in other embodiments. 

FIGS. 3b, 3c, 3d and 3e are top views of the magnetic 
feature of FIG.3a constructed according to various embodi 
mentS. 

FIG. 4 is a top view of a transformer integrated with a 
plurality of magnetic features constructed according to Vari 
ous aspects of the present disclosure in one embodiment. 

FIG.5 is a sectional view of a semiconductor device having 
a transformer integrated with magnetic features constructed 
according to aspects of the present disclosure in one or more 
other embodiments. 

FIG. 6 is a top view of a transformer integrated with a 
plurality of magnetic features constructed according to Vari 
ous aspects of the present disclosure in another embodiment. 

FIG. 7 is a sectional view of a semiconductor device having 
a transformer integrated with magnetic features constructed 
according to aspects of the present disclosure in another 
embodiment. 

FIG. 8 is a sectional view of a semiconductor device having 
a transformer integrated with magnetic features constructed 
according to aspects of the present disclosure in another 
embodiment. 

FIG. 9 is a perspective view of an inductor constructed 
according to aspects of the present disclosure in another 
embodiment. 

FIGS. 10 and 11 are perspective views of a transformer 
integrated with a plurality of magnetic features constructed 
according to various aspects of the present disclosure in vari 
ous embodiments. 

DETAILED DESCRIPTION 

It is understood that the following disclosure provides 
many different embodiments, or examples, for implementing 
different features of various embodiments. Specific examples 
of components and arrangements are described below to sim 
plify the present disclosure. These are, of course, merely 
examples and are not intended to be limiting. For example, 
the formation of a first feature over or on a second feature in 
the description that follows may include embodiments in 
which the first and second features are formed in direct con 
tact, and may also include embodiments in which additional 
features may beformed between the first and second features, 
such that the first and second features may not be in direct 
contact. In addition, the present disclosure may repeat refer 
ence numerals and/or letters in the various examples. This 
repetition is for the purpose of simplicity and clarity and does 
not in itself dictate a relationship between the various 
embodiments and/or configurations discussed. 

Illustrated in FIG. 1 is a flowchart of a method 20 for 
fabricating a semiconductor device that includes a trans 
former structure. FIG. 2 is a schematic view of a semicon 
ductor structure 50 having a transformer integrated with one 
or more magnetic features constructed according to aspects of 
the present disclosure in other embodiments. The semicon 
ductor structure 50 and the method 20 are collectively 
described below with reference to FIGS. 1 and 2. 
The semiconductor structure 50 may include an integrated 

circuit (IC) chip, system on chip (SoC), or portion thereof, 
that may include various passive and active microelectronic 
devices such as resistors, capacitors, inductors, diodes, metal 
oxide semiconductor field effect transistors (MOSFET), 
complementary metal-oxide semiconductor (CMOS) transis 
tors, bipolar junction transistors (BJT), laterally diffused 
MOS (LDMOS) transistors, high power MOS transistors, or 
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other types of transistors. It is understood that the Figures 
discussed herein have been simplified for a better understand 
ing of the inventive concepts of the present disclosure. 
Accordingly, it should be noted that additional processes may 
be provided before, during, and after the method 20 of FIG. 1, 
and that some other processes may only be briefly described 
herein. 

The method 20 begins with block 22 in which a substrate 
52 is provided. The substrate 52 includes a surface 53 that 
defines an axis “Z” perpendicular to the surface 53. The 
Substrate 52 may include a semiconductor Substrate. Such as 
silicon substrate, or other suitable substrate. Alternatively or 
additionally, the Substrate 52 includes germanium, silicon 
germanium or other proper semiconductor materials. The 
Substrate 52 also includes various isolation features. Such as 
shallow trench isolation (STI), formed in the substrate to 
separate various devices. The semiconductor Substrate also 
includes various doped regions such as n-well, p-wells, light 
doped drain (LDD) features and heavily doped source and 
drain (S/D) features. Those doped features and other features 
(e.g., gate electrode) are configured to form various active and 
passive devices. Various devices may be formed on the sub 
strate 52, such as field effect transistors (FETs). In one 
example, the FETs includes complementary metal-oxide 
semiconductor FETs (CMOSFETs) that have n-type FETs 
and p-type FETs integrated into a functional circuit. 
The method 20 continues with block 24 in which an inter 

connect structure 54 is formed on the substrate 52. The inter 
connect structure 54 includes a plurality of conductive lines 
interconnected by a plurality of vias (or via features). Particu 
larly, the interconnect structure includes multiple metal lay 
ers, such as metal one M. metal two M and so on. The metal 
layers are perpendicular to the axis Z. The plurality of con 
ductive lines belong to respective metal layers. The conduc 
tive lines (metal lines) and via features are configured to 
provide horizontal and Vertical routings, respectively. The 
conductive lines and via features are couple with the various 
devices on the Substrate, forming one or more functional 
circuits. Furthermore, the interconnect structure is designed 
to provide electrical routings between the devices and input/ 
output signals. 

In another embodiment, each of the metal lines and via 
features further includes a barrier layer and bulk metal where 
the barrier layer is disposed to separate the bulk metal from 
the adjacent dielectric material. In one example, the barrier 
layer includes titanium nitride, tantalum nitride or other Suit 
able material to prevent inter-diffusion between the bulk 
metal and the dielectric material. In another example, the bulk 
metal includes copper, aluminum (or aluminum copper 
alloy), tungsten or other Suitable metal. In yet another 
example, the dielectric material includes silicon oxide, low k 
dielectric material or other dielectric material to provide iso 
lation among various metal lines and via features. 
The interconnect structure 54 is formed in a manner such 

that a transformer 56 is formed in the interconnect structure. 
The transformer 56 is formed with at least some of the con 
ductive lines and at least some of the vias of the interconnect 
structure 54. In one embodiment, the transformer includes a 
first inductor 62 and a second inductor 64 configured to be 
inductively coupled. Particularly, the first inductor 62 
includes a first coil element and the second inductor 64 
includes a second coil element. The first inductor 62 further 
includes first two ports extended from the first coil element 
and connected to one of input/output signals. Similarly, the 
second inductor 64 includes second two ports connected with 
another one of input/output signals. One of the first inductor 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
62 and second inductor 64 is configured as a primary coil of 
the transformer 56 and the another is configured as a second 
ary coil. 
The transformer 56 defines a mutual inductance M 

between the first and second inductors 62 and 64. A coupling 
coefficient K is defined to the transformer as well. The cou 
pling coefficient Kranges between 0 and 1. The mutual induc 
tance is related to the coupling coefficient K. In one example 
wherein the transformer 56 only includes the first and second 
inductors 62 and 64, the mutual inductance M is related to the 
coupling coefficient K defined by M-K(L1*L2)', wherein 
L1 is the self-inductance of the first coil element and L2 is the 
self-inductance of the second coil element. 
The transformer 56 further includes one or more magnetic 

feature 66 disposed approximate the first and second induc 
tors (62 and 64). The magnetic feature 66 is configured to 
enhance the inductive coupling between the first and second 
inductors 62 and 64. The magnetic feature 66 includes a 
magnetic material having a relative permeability Substan 
tially greater than one. In embodiment, the magnetic feature 
66 includes nickel. In other embodiments, the magnetic fea 
ture 66 includes nickel nitride or nickel silicide. In yet another 
embodiment, the magnetic features 66 includes a magnetic 
material selected from the group consisting of nickel, cobalt, 
iron, proper alloys thereof and combinations thereof. The 
magnetic feature 66 may be formed using Suitable technolo 
gies, such as physical vapor deposition (PVD) or plating. In a 
particular example, the magnetic feature 66 is neither electri 
cally connected with the first inductor 62 nor the second 
inductor 64. 
The magnetic feature 66 may be designed with a suitable 

shape. FIG. 3a illustrates a perspective view of the magnetic 
feature 66 in one embodiment. The magnetic feature 66 
includes a height H and diameter D. The height H is defined 
in a direction Z perpendicular to the substrate surface 53 
while the diameter D is defined as a horizontal dimension of 
the magnetic feature 66 in a direction parallel with the sub 
strate surface 53. The magnetic feature 66 may include ball, 
column or other Suitable geometries. In one embodiment, the 
height H of the magnetic feature 66 is substantially greater 
than the diameter D thereof. In a top view toward the substrate 
surface 53, the magnetic feature 66 may have a shape as 
round, rectangle, hexagon, or pentagon Such as those illus 
trated in FIGS. 3b through 3e according to various embodi 
mentS. 

In one embodiment, the magnetic feature 66 is configured 
between the first and second inductors 62 and 64 but is not 
electrically connected to the first and second inductors 62 and 
64. In one example, the plurality of magnetic features 66 are 
configured in a circle aligned with the first and second coil 
elements. In another example, the plurality of magnetic fea 
tures 66 are configured in a segment of the circle aligned with 
the first and second coil elements. In yet another example, the 
plurality of magnetic features 66 are configured in a region 
aligned with a central region Surrounded by the first and 
second coil elements. FIG. 4 illustrate one embodiment of the 
transformer 56 in a top view. The first inductor 62 and the 
second inductors 64 are disposed in a same region of the 
Substrate 52. The corresponding coil elements are configured 
in a ring region that Surrounds a central region. The plurality 
of magnetic features 66 are configured in the ring region to 
enhance the inductive coupling between the first and second 
inductors. The coil elements consist metal lines. In one 
embodiment, when the metal lines have a width W, the diam 
eter D of the magnetic features is greater than the width of the 
metal lines. In one example, a ratio D/W ranges between 
about 5 and about 20. 
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As noted above, the interconnect structure 54 includes a 
plurality of metal layers patterned as metal lines to provide 
horizontal connection. Via features are configured to provide 
vertical connection between neighbor metal layers. Various 
via features between two neighbor metal layers are referred to 
as via features in a via layer. In one embodiment, the first 
inductor 62 is formed in one or more metal layers. The second 
inductor 64 is underlying the first inductor and is formed in 
one or two other metal layer. The magnetic features 66 are 
formed in a via layer, a metal layer or more metal layers 
including the via layers connecting the metal layers. 

In another embodiment, the first and second inductors 62 
and 64 are integrated in one or more metal layers and are 
approximate from each other Such that the mutual inductance 
is enhanced. In one example, the first and second inductors 62 
and 64 are disposed in two approximate metal layers. Each 
may include metal lines in the two metal layers and via 
features between the two metal layers. In furtherance of the 
embodiment, the first coil element is configured in one metal 
layer and the second coil element is configured in another 
metal layer. The first and second ports are distributed on the 
two metal layers and are connected to the corresponding coil 
element by via features. Particularly, the magnetic features 66 
are formed in the via layer between the two approximate 
metal layers. However, the magnetic features 66 include a 
magnetic material and are not electrically connected with the 
first and second inductors. Particularly, the magnetic features 
66 are distributed in a configuration for enhanced coupling 
between the first and second inductors. 

In one embodiment to form the magnetic features 66, a 
similar method to form via features are used. Such as by a 
damascene method. To prevent the direct contact with the first 
and second inductors, the via features are configured to be 
offset from the metal lines of the first and second inductors. In 
another embodiment, a modified damascene process is uti 
lized to form the magnetic features 66 such that the top 
Surface of the magnetic features is below the overlying metal 
lines and the bottom surface of the magnetic features is above 
the underlying metal lines. For example, via holes are formed 
in an interlayer dielectric layer to expose the underlying metal 
lines. A first dielectric layer is then deposited on the interlayer 
dielectric layer and the via holes to cover the exposed metal 
lines. The magnetic material is disposed on the via holes and 
a chemical mechanical polishing (CMP) process may be fol 
lowed to remove the excessive magnetic material on the inter 
layer dielectric material. Then a second dielectric material 
layer is disposed on the interlayer dielectric material and 
covers the magnetic features formed in the via holes. In 
another embodiment where the magnetic features and via 
features (for vertical connection) are formed in the same via 
layer, the magnetic features and the via features are separately 
formed by a procedure including lithography patterning. For 
example, the first dielectric material layer is only deposited in 
the via holes for magnetic features while the via holes for via 
features are covered by a patterned photoresist layer. In 
another example, the first dielectric material layer is disposed 
and is then patterned to remove the portion on the via holes for 
the via features. Similarly, the second dielectric material is 
disposed only in the region of the magnetic features. 

Although not specifically shown for the sake of simplicity, 
the interconnect structure 54 further includes one or more 
dielectric material layers such that the various metal features 
(metal lines and via features) are embedded in. The dielectric 
material layers provide isolation function to the interconnect 
structure. The dielectric material layers may include silicon 
oxide, silicon nitride, silicon oxy-nitride, un-doped silicate 
(USG), fluoride-doped silicate (FSG), and/or a low-k dielec 
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tric material. The various interconnection features may 
implement various conductive materials including copper, 
tungsten, aluminum or silicide. In one example, a damascene 
process is used to form copper related interconnect structure. 
In another example, a metal etch process may be used to form 
aluminum related interconnect structure. 

Various embodiments of the transformer are illustrated 
below with reference to respective figures and further 
described. FIG. 5 is a sectional view of a semiconductor 
device 70 having a transformer constructed according to vari 
ous aspects in one or more embodiments. FIG. 6 is a frag 
mental top view of the semiconductor device 70. The semi 
conductor device 70 includes a transformer 56 integrated in 
the interconnect structure 54. In the depicted embodiment, 
the interconnect structure 54 includes a plurality of metal 
layers. 
The transformer 56 includes a first conductive feature 62 

and a second conductive feature 64 configured to be induc 
tively coupled. The first inductor 62 includes a first coil ele 
ment. Each of the first and second inductors further includes 
first two ports extended from the first coil element and con 
nected with one of input/output signals. Particularly, the coil 
elements of the first inductor 62 and the second inductor 64 
are formed in a ring region Surrounding a central region. The 
magnetic features 66 are disposed in the central region and are 
surrounded by the first and second inductors as illustrated in 
FIG. 6. In one example, the magnetic features 66 are verti 
cally extended from the first inductor 62 to the second induc 
tor 64. The magnetic features 66 may be shaped and sized 
similar to the magnetic features 66 of the transformer 56 of 
FIG 2. 

FIG. 7 is a sectional view of an integrated circuit structure 
80 having a transformer constructed according to aspects of 
the present disclosure in another embodiment. The integrated 
circuit device 80 includes a first substrate 82 and a second 
substrate 84 stacked and bonded together. In one embodi 
ment, the first substrate 82 is an integrated circuit chip and the 
second substrate 84 is an interposer configured between the 
first Substrate and a third Substrate (such as another integrated 
circuit chip) for chip-stacking in three dimensional integrated 
circuit structure. Particularly, the first substrate 82 is attached 
to a first side of the interposer 84 and a third substrate (not 
shown) is attached to a second side of the interposer 84. 
An transformer 56 is formed in the integrated circuit struc 

ture 80. The transformer 56 includes a first inductor 62 
formed on the first substrate 82. In the present embodiment, 
an interconnect structure is formed on the first substrate 82 
and the first inductor 62 is integrated in the interconnect 
structure of the first substrate 82. For example, the first induc 
tor 62 is distributed in one or more metal layers in the inter 
connect structure. The first inductor 62 is similar to the first 
inductor 62 of FIG. 2 in term of structure according to one 
embodiment. In other examples, the first substrate 82 may 
include silicon or other semiconductor material. Various 
devices, such as field effect transistors, are formed on the first 
Substrate 82 and are coupled through the interconnect struc 
ture. 
The transformer 56 includes a second inductor 64 formed 

on the second Substrate 84 as an interposer in the present 
embodiment. The second inductor 64 is formed in the inter 
poser 84. The second inductor 64 is substantially aligned with 
the first inductor 62, in a top view, for a proper inductive 
coupling between the first and second inductors. In the 
present embodiment, the interposer includes conductive fea 
tures and the second inductor 64 is integrated in the conduc 
tive features of the interposer. In one example, the interposer 
84 includes a substrate and a plurality of through-substrate 
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vias (TSVs) formed in the substrate to provide electrical 
interconnection. In one embodiment, the substrate of the 
interposer 84 is a silicon Substrate. In this case, the through 
Substrate Vias may also be referred to as through silicon Vias. 
The second inductor 64 is integrated in the TSVs. In another 
example, the interposer 84 includes metal traces formed in a 
surface layer of the interposer for bonding and electrical 
interconnection. The second inductor 64 is integrated with the 
metal traces. The second substrate 84 may include silicon or 
other material. 
The transformer 56 also includes one or more magnetic 

features 86 disposed between the first inductor 62 and the 
second inductor 64. The magnetic features 86 are configured 
to be aligned with the first inductor 62 and second inductor 64 
in a same region Such that the inductive coupling between the 
first and second inductors is enhanced. Particularly, the mag 
netic features 86 are sandwiched between the first inductor 62 
and the second inductor 64. In the present embodiment, the 
magnetic features 86 are neither electrically connected with 
the first inductor 62 nor the second inductor 64. In one 
example, the magnetic features 86 are configured in a ring 
region aligned with the corresponding coil elements of the 
first and second inductors. The magnetic features 86 are simi 
lar to the magnetic features 66 in term of composition accord 
ing to one embodiment. The magnetic features 86 include a 
magnetic material having a relative permeability Substan 
tially greater than one. For example, the magnetic features 86 
include nickel, cobalt or iron. In another example, the mag 
netic features 86 include nickel nitride or nickel silicide. 
The magnetic features 86 may be shaped to ball, column or 

other Suitable geometries. In one embodiment, the height of 
the magnetic features 86 is substantially greater than the 
diameter thereof. In a top view, the magnetic features 86 may 
have a shape as round, rectangle, hexagon, or pentagon Such 
as those illustrated in FIGS. 3b through 3e according to vari 
ous embodiments. In another embodiment, when the induc 
tors include metal lines of a width W, the diameter D of the 
magnetic features is greater than the width of the metal lines. 
In one example, a ratio D/W ranges between about 5 and 
about 20. 
The first substrate 82 and the interposer 84 are bonded 

together through a plurality of conductive bumps 88. The 
conductive bumps 88 provide a bonding mechanism between 
the first substrate 82 and the substrate 84 (the interposer in the 
present embodiment). The conductive bumps 88 also provide 
electric routing between the first and second substrates 
through. In the present embodiment, the magnetic features 86 
are integrated with the conductive bumps 88, collectively 
referred to as micro-bumps. Therefore the magnetic features 
86 are at least a subset of the micro-bumps. However, the 
magnetic features 86 have a relative permeability substan 
tially greater than one. In one embodiment, the magnetic 
features 86 include a first material and the conductive bumps 
include a second material different from the first material. The 
first material is chosen for higher permeability and the second 
material is chosen for bonding effect and electrical intercon 
nection. In another embodiment, the magnetic features 86 and 
the conductive bumps include a same material tuned for 
higher permeability, bonding effect and electric interconnec 
tion. 

In one embodiment, various bonding features are respec 
tively formed on the first and second substrates (82 and 84). 
Then the first and second Substrates are aligned and posi 
tioned together Such that the corresponding bonding Surfaces 
face each other and the respective bonding features are physi 
cally contacted and merged together to the micro-bumps 
through proper bonding mechanism, such as thermal effect 
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8 
and mechanical effect. The conductive bumps 88 provide 
electrical routing and mechanical bonding through metal 
traces formed on the first and second Substrates according to 
one embodiment. Then an under-fill material 89 is disposed 
into the space between the first substrate 82 and the second 
Substrate 84 for proper packaging effect, Such as bonding, 
sealing and/or insulation. The under-fill material 89 includes 
a suitable dielectric material. Such as a polymeric material for 
the packaging effect. In the present embodiment, the micro 
bumps including the magnetic features 86 are embedded in 
the under-fill material. In one example, the under-fill material 
89 has a thickness greater than about 10 micron. In another 
example, the under-fill material 89 has a thickness ranging 
between about 20 micron and about 50 micron. 

In another embodiment, FIG. 8 is a sectional view of an 
integrated circuit structure 90 having a transformer con 
structed according to aspects of the present disclosure in 
another embodiment. The integrated circuit device 90 
includes a first substrate 92 and a second substrate 94 attached 
into an interposer 96. Particularly, the first substrate 92 is 
attached to a first side of the interposer 96 and the second 
substrate 94 is attached to a second side of the interposer 96 
through conductive bumps formed on the corresponding 
bonding Surfaces. In the present embodiment, the first Sub 
strate 92 is a first integrated circuit die and the second sub 
strate 94 is a second integrated circuit die. The interposer 96 
includes a plurality of conductive features embedded in a 
Substrate. Such as a dielectric Substrate or a silicon Substrate. 
An transformer 56 is formed in the integrated circuit struc 

ture 90. The transformer 56 includes a first inductor 62 
formed on the first substrate 92. In the present embodiment, a 
first interconnect structure is formed on the first Substrate 92 
and the first inductor 62 is integrated in the first interconnect 
structure. For example, the first inductor 62 is distributed in 
one or more metal layers of the first interconnect structure. 
The first inductor 62 is similar to the first inductor 62 of FIG. 
2 in term of structure according to one embodiment. The first 
substrate 92 may include silicon or other semiconductor 
material. Various devices, such as field effect transistors, may 
be formed on the first substrate 82. 
The transformer 56 includes a second inductor 64 formed 

on the second substrate 94. The second inductor 64 is sub 
stantially aligned with the first inductor 62, in a top view, to 
achieve a proper inductive coupling between the first and 
second inductors. In the present embodiment, a second inter 
connect structure is formed on the second substrate 94 and the 
second inductor 64 is integrated in the second interconnect 
structure. For example, the second inductor 64 is distributed 
in one or more metal layers of the second interconnect struc 
ture. The second inductor 64 is similar to the second inductor 
64 of FIG. 2 in term of structure according to one embodi 
ment. The second substrate 94 may include silicon or other 
semiconductor material. Various devices, such as field effect 
transistors, may be formed on the second substrate 94. 
The transformer 56 also includes one or more magnetic 

features 98 embedded in the interposer 96. The magnetic 
features 98 are configured to be aligned with the first inductor 
62 and second inductor 64 in a same region Such that the 
inductive coupling between the first and second inductors is 
enhanced. Particularly, the magnetic features 98 are sand 
wiched between the first inductor 62 and the second inductor 
64. In the present embodiment, the magnetic features 98 are 
neither electrically connected with the first inductor 62 nor 
the second inductor 64. 
The magnetic features 98 may be shaped to ball, column or 

other Suitable geometries. In one embodiment, the height of 
the magnetic features 98 is substantially greater than the 
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diameter thereof. In a top view, the magnetic features 98 may 
have a shape as round, rectangle, hexagon, or pentagon Such 
as those illustrated in FIGS. 3b through 3e according to vari 
ous embodiments. In another embodiment, when the induc 
tors include metal lines of a width W, the diameter D of the 
magnetic features is greater than the width of the metal lines. 
In one example, a ratio D/W ranges between about 5 and 
about 20. 

In one example, the magnetic features 98 are configured in 
a ring region aligned with the corresponding coil elements of 
the first and second inductors. The magnetic features 98 are 
similar to the magnetic features 66 in term of composition 
according to one embodiment. The magnetic features 98 
include a magnetic material having a relative permeability 
Substantially greater than one. For example, the magnetic 
features 98 include nickel, cobalt or iron. In another example, 
the magnetic features 98 include nickel nitride or nickel sili 
cide. 
The interposer 96 includes a plurality of conductive bumps 

embedded in a substrate of a dielectric material or other 
Suitable material. Such as a silicon Substrate. The interposer 
96 provides an interface to bond the first and second sub 
strates and provides an electric routing between the first and 
second Substrates through the conductive features, such as 
through substrate vias (TSVs). The TSVs include one or more 
conductive material formed by substrate etch and deposition. 
In the present embodiment, the magnetic features 98 are 
integrated with the TSVs. However, the magnetic features 98 
have a relative permeability Substantially greater than one. In 
one embodiment, the magnetic features 98 include a magnetic 
material for inductive coupling enhancement and the mag 
netic material is different from the conductive material (such 
as metal) of TSVs in composition. The magnetic material is 
chosen for higher permeability and the conductive material is 
chosen for bonding effect and electrical interconnection. In 
another embodiment, the magnetic features 98 and the TSVs 
include a same material tuned for higher permeability, bond 
ing effect and electric interconnection. 

Various embodiments of the transformer are provided 
according to the aspects of the present disclosure, Such as the 
transformer 56 in the integrated circuit structure 80 or 90. 
Various advantages may present in different embodiments. In 
addition to utilizing magnetic features in the transformer, the 
spacing between the magnetic features and first inductor 62 
(or the second inductor 64) has a large tunable range to 
optimize different parameters of the transformer, including 
inductive coupling, quality factor, and/or frequency in one or 
more embodiments. 

FIG. 9 is a perspective view of inductor 100 constructed 
according to aspects of the present disclosure. The inductor 
100 include a coil element having one or more turns (e.g., two 
turns in the present example). Various turns of the coil ele 
ment are connected through via features in the metal layer in 
one embodiment. In one embodiment, the first coil element 
includes a first spiral structure disposed in a first plurality of 
metal layers and the second coil element includes a second 
spiral structure disposed in a second plurality of metal layers 
over the first plurality of metal layers. The magnetic features 
are formed in the first and second plurality of metal layers and 
are extended through the first and second spiral structures. 
The inductor 100 may be integrated in the transformer 56 of 
FIG. 2, 70 of FIG. 5, 80 of FIG. 7, or 90 of FIG. 8 as the first 
inductor 62 and/or the second inductor 64. 

FIG. 10 is a perspective view of transformer 106 con 
structed according to aspects of the present disclosure. The 
transformer 106 include a first inductor 62 having a first coil 
element connected to first ports 62a. The transformer 106 
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include a second inductor 64 having a second coil element 
connected to second ports 64a. The first and second inductors 
are positioned in a same region and aligned for inductive 
coupling. Various magnetic features 66 are sandwiched 
between the first and second inductors. The magnetic features 
66 are configured in a ring region aligned with the coil ele 
ments of the first and second inductors. The transformer 106 
is one embodiment of the transformer 56 in FIG. 2, 70 of FIG. 
5, 80 of FIG. 7, or 90 of FIG. 8. 

FIG. 11 is a perspective view of transformer 108 con 
structed according to aspects of the present disclosure. The 
transformer 108 include a first inductor 62 having a first coil 
element connected to first ports 62a. The transformer 106 
include a second inductor 64 having a second coil element 
connected to second ports 64a. The first and second inductors 
are positioned in a same region and aligned for inductive 
coupling. Various magnetic features 66 are sandwiched 
between the first and second inductors. The magnetic features 
66 are configured in a segment of the ring region aligned with 
the coil elements of the first and second inductors. The trans 
former 108 is one embodiment of the transformer 56 in FIG. 
2, 70 of FIG. 5, 80 of FIG. 7, or 90 of FIG. 8. 

Although embodiments of the present disclosure have been 
described in detail, those skilled in the art should understand 
that they may make various changes, Substitutions and alter 
ations herein without departing from the spirit and scope of 
the present disclosure. For example, the transformer is inte 
grated with a 3D stacking structure having a first die, a second 
die and a third die sandwiched between the first and second 
dice. The transformer includes a first inductor integrated in 
the first die and a second inductorintegrated in the second die. 
The transformer further includes one or more magnetic fea 
tures integrated in the third die. 
The present disclosure is not limited to any particular appli 

cation. For example, the disclosed structure of a transformer 
and method making the same may be used in any radio fre 
quency integrated circuit (RFIC) applications, such as Volt 
age controlled oscillator (VCO), low noise amplifier (LNA), 
impedance matching network or mixer. In another example, 
the integrated circuit structure (or semiconductor structure) 
integrated with a transformer having the magnetic features 
may additionally include other structure, such as a dynamic 
random access second (DRAM) cell, field programmable 
gate-array (FPGA) and/or other microelectronic devices (col 
lectively referred to herein as microelectronic devices). Of 
course, aspects of the present disclosure may be employed in 
many different applications, including sensor cells, logic 
cells, electrostatic discharge ESD circuit application, inter 
connection with antenna and others. 

In various embodiments of a transformer integrated in an 
integrated circuit structure (or a semiconductor structure), the 
transformer includes two inductors inductively coupled and 
further includes one or more magnetic features integrated 
with the first and second inductors to provide enhanced cou 
pling to the transformer. Various advantages may be present 
in different examples or embodiments. In one example, spac 
ing between the first inductor (or the second inductor) and the 
magnetic features is tunable a large range since the distance 
between the dice is larger and each inductor can be formed in 
a lower portion or an upper portion of the corresponding 
Substrate according specific application and design need. 
A semiconductor device is disclosed according to one of 

the broader forms of the present disclosure. In one embodi 
ment, the semiconductor device includes a first inductor 
formed on a first Substrate; a second inductor formed on a 
second substrate and conductively coupled with the first 
inductor as a transformer, and a plurality of micro-bump 
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features configured between the first and second substrates. 
The plurality of micro-bump features include a magnetic 
material having a relative permeability Substantially greater 
than one and are configured to enhance coupling between the 
first and second inductors. 

In one embodiment of the disclosed semiconductor device, 
the first Substrate includes a semiconductor Substrate having 
an integrated circuit formed thereon, and the second substrate 
includes is an interposer bonded to the first substrate. In 
another embodiment, the interposer includes a silicon Sub 
strate having through-silicon Vias. 

In yet another embodiment, the micro-bump features are 
electrically disconnected from the first inductor and the sec 
ond inductor. 

In yet another embodiment, the semiconductor device fur 
ther includes a dielectric under-fill material disposed between 
the first and second substrates such that the plurality of micro 
bump features are embedded in the under-fill material. In yet 
another embodiment, the magnetic material includes one of 
nickel, cobalt and iron. In yet another embodiment, the mag 
netic material is selected from the group consisting of nickel, 
nickel nitride, and nickel silicide. In yet another embodiment, 
the micro-bump features are shaped to have a diameter and a 
height greater than the diameter. 

The present disclosure also provides another embodiment 
of a semiconductor device. The semiconductor structure 
includes a semiconductor Substrate having an integrated cir 
cuit (IC) device; an interconnect structure disposed on the 
semiconductor substrate and coupled with the IC device; and 
a transformer disposed on the semiconductor Substrate and 
integrated in the interconnect structure. The transformer 
includes a first inductor, a second inductor conductively 
coupled with the first inductor, and a magnetic feature that is 
disposed approximate the first and second inductors and is 
configured to enhance inductive coupling between the first 
and second inductors. 

In one embodiment of the disclosed semiconductor device, 
the magnetic feature includes a magnetic material having a 
relative permeability Substantially greater than one. In 
another embodiment, the magnetic feature includes a mag 
netic material selected from the group consisting of nickel, 
iron, cobalt, or combinations thereof. In yet another embodi 
ment, the magnetic feature is configured between the first and 
second inductors and is not electrically connected to the first 
and second inductors. 

In yet another embodiment, the interconnect structure 
includes a plurality of metal layers having a first metal layer, 
a second metal layer and a via layer disposed therebetween; 
the first inductor is disposed in the first metal layer; the second 
inductor is disposed in the second metal layer, and the mag 
netic feature is disposed in the via layer. 

In yet another embodiment, the magnetic feature includes 
a plurality of sub-features separated and distributed between 
the first and second inductors. 

In yet another embodiment, the semiconductor Substrate 
has a top surface; each of the Sub-features of the magnetic 
feature has a dimension Dina top view toward to top surface; 
and each of the first and second inductors includes a metal line 
with a width W, wherein a ratio D/W ranges between about 5 
and about 20. 

In yet another embodiment, the first inductor includes a 
first spiral structure disposed in a first plurality of metal 
layers; the second inductor includes a second spiral structure 
disposed in a second plurality of metal layers over the first 
plurality of metal layers; and the magnetic feature is formed 
in the first and second plurality of metal layers and is extended 
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through the first and second spiral structures. In yet another 
embodiment, each of the first and second inductors includes 
multiple turns. 
The present disclosure also provides another embodiment 

of an integrated circuit (IC) structure. The IC structure 
includes a first Substrate having a first inductor, a second 
Substrate having a second inductor configured to couple with 
the first inductor as a transformer, a through Substrate via 
(TSV) interposer bonded between the first and second sub 
strates and having a plurality of via features embedded 
therein; and at least a Subset of the via features being config 
ured approximate the first and second inductors and including 
a magnetic material with a relative permeability Substantially 
greater than one. 

In one embodiment, the Subset of via features are config 
ured to be electrically disconnected from the first and second 
inductors. In another embodiment, the magnetic material is 
selected from the group consisting of nickel, cobalt, iron and 
combinations thereof. 
The foregoing has outlined features of several embodi 

ments so that those skilled in the art may better understand the 
detailed description that follows. Those skilled in the art 
should appreciate that they may readily use the present dis 
closure as a basis for designing or modifying other processes 
and structures for carrying out the same purposes and/or 
achieving the same advantages of the embodiments intro 
duced herein. Those skilled in the art should also realize that 
Such equivalent constructions do not depart from the spirit 
and scope of the present disclosure, and that they may make 
various changes, Substitutions and alterations herein without 
departing from the spirit and scope of the present disclosure. 

What is claimed is: 
1. A semiconductor device, comprising: 
a first inductor formed on a first layer; 
a second inductor formed on a second layer and conduc 

tively coupled with the first inductor as a transformer; 
a plurality of vias configured between the first and second 

inductors, wherein the plurality of vias includes a first 
via and a second via; and 

at least a Subset of the Vias includes a magnetic feature 
configured to enhance inductive coupling between the 
first and second inductors, and 

wherein the first and second vias are electrically discon 
nected from the first and second inductors. 

2. The semiconductor device of claim 1, wherein the first 
layer includes a semiconductor Substrate having an integrated 
circuit formed thereon, and 

wherein the second layer includes an interposer bonded to 
the first layer. 

3. The semiconductor device of claim 2, wherein the inter 
poser includes a silicon Substrate having the plurality of Vias. 

4. The semiconductor device of claim 1, wherein the mag 
netic feature is electrically disconnected from the first induc 
tor and the second inductor. 

5. The semiconductor device of claim 1, further comprising 
a dielectric under-fill material disposed between the first and 
second layers such that the magnetic feature is embedded in 
the under-fill material. 

6. The semiconductor device of claim 1, wherein the mag 
netic feature includes one of nickel, cobalt and iron. 

7. The semiconductor device of claim 1, wherein the mag 
netic feature comprises a material selected from the group 
consisting of nickel, nickel nitride, and nickel silicide. 

8. The semiconductor device of claim 1, wherein the mag 
netic feature is shaped to have a diameter and a height greater 
than the diameter. 
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9. The semiconductor device of claim 1, wherein the mag 
netic feature includes a plurality of Sub-features separated 
and distributed between the first and second inductors. 

10. The semiconductor device of claim 9, wherein each of 
the sub-features of the magnetic feature has a dimension D in 5 
a top view toward top Surface, 

wherein each of the first and second inductors includes a 
metal line with a width W, and 

wherein a ratio D/W ranges between about 5 and about 20. 
11. The semiconductor device of claim 1, wherein the 

magnetic feature includes a magnetic material having a rela 
tive permeability Substantially greater than one. 

12. The semiconductor device of claim 1, wherein the first 
inductor is disposed in a first metal layer, 

wherein the second inductor is disposed in a second metal 
layer; and 

wherein the magnetic feature is disposed in a via layer. 
13. The semiconductor device of claim 1, wherein the first 

layer includes a first plurality of metal layers, 
wherein the second layer includes a second plurality of 

metal layers, 
wherein the first inductor includes a first spiral structure 

disposed in the first plurality of metal layers, and 
wherein the second inductor includes a second spiral struc 

ture disposed in the second plurality of metal layers over 
the first plurality of metal layers. 

14. The semiconductor device of claim 13, wherein the 
magnetic feature is formed in the first and second plurality of 
metal layers and is extended through the first and second 30 
spiral structures. 

15. The semiconductor device of claim 1, wherein each of 
the first and second inductors includes multiple turns. 
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16. The semiconductor device of claim 1, wherein the 

magnetic feature includes a conductive micro-bump. 
17. An integrated circuit structure, comprising: 
a first layer having a first inductor; 
a second layer having a second inductor configured to 

couple with the first inductor as a transformer; 
a first via feature configured approximate the first and 

second inductors and including a magnetic material with 
a relative permeability Substantially greater than one; 
and 

a second via feature extending between the first inductor 
and the second inductor, wherein the first and second via 
features are electrically disconnected from the first and 
second inductors. 

18. The integrated circuit structure of claim 17, wherein the 
first layer includes a first semiconductor substrate and the 
second layer includes a second semiconductor Substrate. 

19. A semiconductor device, comprising: 
a first inductor formed on a substrate; 
a second inductor formed spaced apart from and conduc 

tively coupled with the first inductor; and 
a first magnetic feature and a second magnetic feature 

extending between the first and second inductors to 
enhance inductive coupling between the first and second 
inductors, wherein the first and second magnetic fea 
tures are electrically disconnected from the first and 
second inductors. 

20. The semiconductor device of claim 19, further com 
prising a through substrate via interposer bonded with the 
Substrate, wherein the first magnetic feature and the second 
magnetic feature extend through the through Substrate via 
interposer. 


